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We investigated the growth and magnetic properties of Tm atoms and monolayers deposited on a
W(110) surface using scanning tunneling microscopy and x-ray magnetic circular and linear dichro-
ism. The equilibrium structure of Tm monolayer films is found to be a strongly distorted hexagonal
lattice with a Moiré pattern due to the overlap with the rectangular W(110) substrate. Monolayer as
well as isolated Tm adatoms on W present a trivalent ground state electronic configuration, contrary
to divalent gas phase Tm and weakly coordinated atoms in quench-condensed Tm films. Ligand field
multiplet simulations of the x-ray absorption spectra further show that Tm has a |J = 6, Jz = ±5〉
electronic ground state separated by a few meV from the next lowest substates |J = 6, Jz = ±4〉
and |J = 6, Jz = ±6〉. Accordingly, both the Tm atoms and monolayer films exhibit large spin and
orbital moments with out-of-plane uniaxial magnetic anisotropy. X-ray magnetic dichroism mea-
surements as a function of temperature show that the Tm monolayers develop antiferromagnetic
correlations at about 50 K. The triangular structure of the Tm lattice suggests the presence of
significant magnetic frustration in this system, which may lead to either a noncollinear staggered
spin structure or intrinsic disorder.
PACS numbers: 75.70.Ak, 75.50.Ee, 68.55.-a, 32.30.Rj
I. INTRODUCTION
Interest in low-dimensional rare-earth (RE) magnetic
structures has grown steadily in recent years, focusing on
single atoms as model quantum spin systems,1–5 as well
as ultrathin films that display either ferromagnetic6–9
or antiferromagnetic10 order when grown on nonmag-
netic substrates. Ultrathin RE magnetic films and mul-
tilayers have also attracted attention due to their abil-
ity to induce perpendicular magnetic anisotropy in adja-
cent transition-metal layers,11 control magnetic damping
in spin valve devices,12,13 as well as fabricate materials
with higher magnetization compared to transition-metal
alloys.14,15
The interest in studying the magnetism of RE adatoms
and monolayers (ML) stems from the localized character
of the 4f states, which protects them from hybridiza-
tion effects and preserves atomic-like spin and orbital
magnetic moments. The extended 5d6s valence electron
states of the RE atoms, on the other hand, couple with
the partially filled 4f orbitals and hybridize with the sur-
face valence electrons of the substrate. This affects the
exchange interaction and, hence, the type of magnetic
order and transition temperatures in ML structures.16–18
Additionally, combined with hybridization effects, sym-
metry breaking and epitaxial strain influence the mag-
netic anisotropy and magnetoelastic interactions,19 giv-
ing rise to a different magnetic behavior compared to that
of thick films.
In contrast to transition-metal adatoms, which have
been extensively investigated using the anomalous Hall
effect,20 x-ray magnetic circular dichroism (XMCD),21–25
photoemission,26 and scanning tunneling microscopy
(STM),25,27–29 there are very few experimental studies on
the magnetism of RE atoms on surfaces. To our knowl-
edge only Ce,1,2 Gd,3 and Ho5 impurities have been inves-
tigated, mainly by STM. Theoretical studies are also lim-
ited to Gd adatoms and dimers on CuN/Cu substrates4
and Ho adatoms on Pt(111).5
RE thin films deposited on crystalline magnetic and
non-magnetic transition-metal substrates have been pre-
viously studied by spin-polarized photoelectron9,30,31 and
Auger32 spectroscopies, electron capture spectroscopy6
as well as by linear and circular x-ray dichroism33–35 and
spin-polarized STM.8,36–38 Gd is the RE element that has
been more extensively studied in the form of ultrathin
films, mostly because it exhibits a single ferromagnetic
phase in the bulk with the order transition close to room
temperature.7,39,40 Extrapolating the thickness depen-
dence of the Curie temperature leads to vanishing mag-
netic order for Gd films thinner than 3 monolayers (ML).7
Similarly, in Ho/W(110) thin films, resonant magnetic
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soft x-ray and neutron diffraction experiments10 have
shown that the helical antiferromagnetic ordering tem-
perature TN decreases with the film thickness following
a modified power law with an offset of about 11 ML, be-
low which the long-period basal plane antiferromagnetic
structure is not possible. It is worth mentioning that
the decrease of the order temperature with thickness in
these RE is stronger than in the case of transition-metal
ferromagnets.41,42 Moreover, below the critical tempera-
ture, bulk RE metals display magnetically ordered phases
of different complexity, depending on the element and on
the temperature range.43 These examples show that the
magnetic structure of RE ultrathin films is a nontrivial
issue, which, furthermore, has not been investigated in a
systematic way across the lanthanide series.
Tm represents an interesting case, since it is the only
heavy RE which orders magnetically along the c-axis of
the bulk hcp crystal structure. Between the Néel temper-
ature TN = 58 K, and 40 K, the magnetic moments are
ferromagnetically ordered within the hcp basal-plane lay-
ers and have an incommensurate sinusoidal modulation
along the c-axis. The easy axis is parallel to the c-axis,
owing to strong crystal-field anisotropy. Upon decreas-
ing the temperature, the propagation wave number along
the c-axis increases and, below ∼ 30 K, a ferrimagnetic
structure with a seven-layer repeat distance develops: the
magnetic moments point up along the c-axis in three lay-
ers and down in the consecutive four layers. Although
the reduction of thickness along the c-axis could dras-
tically influence the magnetic behavior of this element,
no structural and magnetic characterization of thin or
ultrathin layers of Tm has been reported to date. In
this work we investigate the growth and magnetic prop-
erties of Tm adatoms and ML films deposited on a single-
crystal W(110) surface.
II. EXPERIMENTS
The growth of Tm on W(110) was investigated by
means of STM and low energy electron diffraction
(LEED) at the University of Zaragoza. Sample prepa-
ration was carried out in an ultrahigh vacuum cham-
ber with base pressure of ∼10−10 Torr, which included
an e-beam heating station, LEED, Auger electron spec-
troscopy, and an e-gun used to evaporate Tm (purity
99.99%) by heating a tungsten crucible holding Tm
pieces. Prior to the evaporation of Tm the W(110) sin-
gle crystal surface was cleaned by cycles of annealing in
oxygen atmosphere and flashes at temperatures around
2400 K. The oxygen partial pressure was reduced from
∼10−6 Torr to ∼10−9 Torr between subsequent anneal-
ing cycles of 30 min. at 1500 K. During Tm evaporation
the pressure remained below ∼10−9 Torr, allowing de-
position rates as low as 1 ML/min. The vacuum in the
STM chamber was better than ∼10−11 Torr. The LEED
image [see Figure 1 (a)] shows the reciprocal lattice of the
W(110) surface with sharp spots without trace of carbon
FIG. 1: (Color online). (a) LEED image taken on the W(110)
surface after cleaning using the procedure described in the
text, (b) STM images of W(110) showing terraces, (inset) de-
tail of residual carbon impurities remaining after the cleaning
procedure, (c) STM image of Tm adatoms (coverage ∼2%)
on the W(110) surface. The larger objects correspond to Tm
dimers and trimers.
surface reconstructions. The state of the bare W surface
was checked by STM [Figure 1 (b)], which showed atomi-
cally flat terraces separated by monoatomic steps (∼ 2.21
Å). The inset of Figure 1 (b) shows an enlarged area with
a density of impurities as low as 0.3%, comparable with
other works.44
The Tm depositions were carried out at room temper-
ature and the samples annealed at temperatures between
500 and 1100 K for 10 min. The annealing conditions and
the coverage are key factors that determine the struc-
ture of the samples. For short deposition times at low
flux and annealing temperatures below ∼1000 K, we ob-
tain coverages of ∼ 2%, consisting mainly of isolated Tm
adatoms, as shown in Figure 1c. Some larger objects,
which we identify as dimers and trimers since they oc-
casionally split during the interaction with the STM tip,
are also found, but represent a small percentage of the
total coverage. LEED images of these low coverage sam-
ples do not show diffraction spots additional to those of
the W(110) surface. It is remarkable that low coverage
Tm deposits annealed at temperatures as high as 1000 K
do not coalesce but remain as isolated adatoms, possibly
due to the influence of repulsive RKKY45 or dipolar in-
teractions, as we will report in a separate publication.46
Larger flux rate and annealing temperatures of ∼1100 K
give rise to heteroepitaxial growth with the formation of
one monolayer thick islands of Tm on W(110), as deter-
mined by direct STM observation as well as by LEED
analysis.
The electronic and magnetic characterization was car-
ried out by means of x-ray magnetic circular and lin-
ear dichroism, XMCD and XMLD, respectively. The
measurements were performed at the ID08 beamline of
the European Synchrotron Radiation Facility, where the
samples were grown in-situ according to the procedure
described above and probed by STM and LEED. Fol-
lowing preparation, the samples were transferred in ul-
trahigh vacuum into the x-ray absorption measurement
chamber, which provides a focused x-ray beam with tun-
able energy, 99±1% circular and linear polarization, and
a 0.1 x 1 mm2 x-ray spot at full width half maximum.
The samples were mounted vertically on a variable-
temperature (6-300 K) rotary stage holder which permit-
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FIG. 2: (Color online). (a) LEED image taken on a Tm de-
posit showing a characteristic surface reconstruction of rare
earth on the (110) W surface, (b) LEED image taken on com-
pact Tm hcp islands coexisting with areas with bare (110) W
surface, (c) STM image taken on a terrace covered with Tm;
the Moiré pattern can be observed (short and long arrows are
the [001] and [11̄0] W crystal directions, respectively).
ted rotation of the substrate around the vertical axis. A
superconducting magnet allowed the application of mag-
netic fields of up to 5 T along the x-ray beam direc-
tion. X-ray absorption spectra (XAS) were measured at
the M4,5 absorption edges of Tm (corresponding to 3d
to 4f core-to-valence electronic transitions) in the total
electron yield mode by recording the drain current of
the sample as a function of photon energy. The drain
current was normalized by the photocurrent of a gold
grid reference placed between the last refocussing mirror
and the sample. The linearly polarized XAS were mea-
sured by aligning the electric field vector of the x-rays to
the vertical (Iv) and horizontal (Ih) axis, with the beam
incident at an angle θ=700 with respect to the sample
normal. The XMCD spectra were obtained by taking
the XAS difference for parallel (I+) and antiparallel (I−)
alignment of the photon helicity with the applied mag-
netic field. During the measurements the pressure in the
cryostat was about 2 × 10−10 mbar and likely lower in
the sample region surrounded by the cryogenic shields.
No changes of the XAS lineshape, due to either the x-
ray beam or contamination, were observed within the
few hours required to measure one sample. The XAS
data were simulated using ligand field atomic multiplet
calculations47,48 as described in Refs. 49,50.
III. STRUCTURAL CHARACTERIZATION
The (110) surface of W offers the opportunity of study-
ing the magnetic behavior of ordered RE overlayers on
top of a conductive but non-magnetic substrate. In gen-
eral, the body-centered-cubic crystals of refractory met-
als such as W and Mo promote the two-dimensional layer
growth of RE with no intermixing,51–53 with the (110)
surface yielding morphologies with low corrugation.
It is known that below the monolayer coverage rare
earth metals adsorbed on W(110) or Mo(110) show su-
perstructures consisting of wires with the axis along the
W[110] direction and hexagonal structures.51,52,54,55 Fig
2a shows a LEED pattern, taken at 145 eV, of a de-
posit that resulted in an ordered superstructure. This
LEED image shows the spots of the W(110) surface and
six spots characteristic of the (0001) surface of the RE
hcp structure, but also satellite spots indicating the ex-
istence of a superstructure. The image is quite similar
to that reported by Kolaczkiewicz et al,51 indexed as a
mix of c(5x3) and (5x2) structures and observed for Gd
and Eu grown on W(110). Although in some cases we
obtained such reconstructions, we were able, by finely
adjusting the flux rate and the annealing temperature,
to obtain samples that do not show them, such as the
ones reported in Sec. IV. Figure 2b shows a LEED
image in which the six sharp spots characteristic of the
(0001) surface of the RE hcp structure and the spots
of the W(110) surface are observed simultaneously, with
no trace of satellites. The b-direction [101̄0] coincides
with the [11̄0] direction of the (110) substrate, similar to
the Nishiyama-Wasserman orientation already observed
in other RE/W(110) systems.56,57 In Figure 2c we display
an STM image of one of these non-reconstructed samples,
taken in an area with a monolayer of Tm showing a detail
of the Tm adatoms with atomic resolution. The lattice
parameter measured along [001] is 4.08 Å, while for the
two other sides of the isosceles triangle we obtain 3.92
Å. This means that the Tm ML displays a fairly dis-
torted hexagonal structure, forming in fact a rhombic or
isosceles triangular lattice. Thus, the lattice mismatch
between Tm and W is large enough to produce in the
first monolayer of thulium an asymmetric distortion of
the hcp structure that, with respect to the bulk lattice
parameters, is compressed along the [11̄0] W by 1% and
expanded along [001] W by about 15%.
The image also reveals the formation of a Moiré pat-
tern caused by the overlap of this triangular Tm lattice
with the rectangular (110) W surface, which should have
a lattice parameter of 3.173 Å, a value slightly larger than
the bulk one (3.165 Å). We obtain a Tm:W coincidence
match of 2:3 and 7:9 along the [11̄0] and [001] W direc-
tions, respectively. Taking into account this commen-
surability, we have performed ab-initio calculations with
VASP58–62 to check the equilibrium structure of a Tm-
ML placed on a 8 ML thick (110) W-slab. The unit cell
contains a vacuum thickness twice that of the ML+slab,
as customary. Dipolar effects were computationally cor-
rected, too.63–65 The pseudopotentials include the open-
core configurations:[Xe 4f14]5p65d46s2 for W and [Xe
4f12]5p65d16s2 for Tm. The cut-off energy was set at an
optimal value of 600 eV which warrants a convergence
of <10−5 eV for the (110)W slab but just 10−2-10−3 eV
when the Tm-ML is considered. The Brillouin zone was
only sampled at the Γ-point as a compromise between ac-
curacy and computational efficiency, because of the large
number of atoms used and the size of the unit cell. Af-
ter an initial bulk optimization, the cubic W-lattice pa-
rameter was set to a relaxed value of 3.180 Å, close to
the one obtained by other authors,66 while Tm in-plane
lattice parameter is fixed by the commensurate struc-
ture observed by STM. An optimized structure along the
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FIG. 3: (Color online). (a) Experimental linearly polarized
XAS of Tm adatoms in a 50 mT field; (b) Experimental lin-
early polarized XAS of Tm monolayer in a 5 mT field. (c),
(d) Simulated linearly polarized XAS for non-interacting Tm
atoms in a 50 mT field applied parallel to the x-ray beam
direction and in a 175 T field along the surface normal, re-
spectively. All data are measured/simulated at T = 8 K with
the substrate normal tilted at 700 with respect to the x-ray
beam direction.
(110) direction of W was calculated using a quasi-Newton
algorithm,67 reducing the Hellmann-Feynman forces to
∼1.0 mRy/au. The average distances between Tm-ML
and first W-layer and the W first and second layer are, re-
spectively, 2.53 Å and 2.24 Å. The latter value is slightly
larger than the bulk one, 2.20 Å. We obtain a spatial
peak-to-peak corrugation in the Tm-ML of 0.4 Å with a
period of 16 Å, both in agreement with the Moiré pat-
terns obtained from STM results. A smaller corrugation
also exists in the first nearest W-layer, ∼0.05 Å, and has
about the same spatial periodicity, but it disappears for
the next nearest W-layers.
IV. ELECTRONIC GROUND STATE
Figure 3 shows the experimental and simulated x-ray
absorption spectra for horizontally (h, out-of-plane) and
vertically (v, in-plane) polarized light at grazing inci-
dence (θ=700). The characteristic multiplet structures
of the RE M4,5 absorption edges have been widely stud-
ied47,48,68,69 and can be used as a fingerprint for the va-
lence state of the RE atoms in different compounds. The
XAS of the isolated Tm adatoms as well as the mono-
layer show typical trivalent absorption features. For the
4f12 initial state configuration of Tm3+ the dipole se-
lection rules allow 3d →4f transitions to 3d94f13 final
states with 3H6,
3H5 and
3G5 symmetry, giving three
absorption lines at the M5 edge and a single line at the
M4 edge, as observed in Fig. 3 (see also Fig. 4). In
contrast, a divalent 4f13 ground state would give only
one absorption line at the M5 edge and none at the M4
edge.47,48,68,69 This result is somewhat surprising as in
the gas phase nearly all RE atoms, with the exception
of La and Gd, are known to exist in a divalent ground
state. Moreover, although most of the bulk elemental RE
metals are trivalent, Tm forms divalent as well as triva-
lent and intermediate valence compounds. X-ray absorp-
tion and photoemission studies show that divalent Tm
atoms are found not only in the gas phase,70 but also in
rare gas matrices,71 endohedral fullerenes,72 and at low-
coordinated surface sites of Tm films evaporated at low
temperature.73 Here, we find no significant difference in
the XAS lineshape of isolated adatoms compared to the
ML sample, indicating that Tm atoms on W(110) have a
stable 4f12 ground state, which we attribute to the gain
in cohesive energy of the 4f125d16s2 configuration com-
pared to the 4f135d06s2 configuration74 for Tm atoms
adsorbed on a 5d metal.69
The XAS lineshape analysis indicates a ground state
multiplet with J = 6. To obtain more detailed in-
formation on the ground state of the Tm atoms and
take into account the effect of the atomic environment,
the XAS spectra in Fig. 3 were simulated in the pres-
ence of a crystal field potential. The substrate was ap-
proximated by considering the two lowest order axial











n are the Stevens oper-
ators. The adatom XAS in Fig. 3a is well-reproduced by
using B02 = −637.2 µeV and B04 = +3.5 µeV. We find a
ground state with |Jz| = 5; the lowest excited states are
|Jz| = 4 and 6, separated by >9 meV from the ground
state. This indicates a predominant uniaxial magnetic
anisotropy along the surface normal. The relative inten-
sity of the multiplet features in the linear polarized XAS
of the monolayer differs in comparison with that of the
Tm adatoms. In particular the peak heights of the hor-
izontally polarized XAS are altered. This spectral line-
shape is neither in accordance with a |Jz| = 6, nor 4 or
any other pure Jz ground state, and may indicate a mixed
character of the ground state. However, if we assume
that transversal crystal field terms that would generate a
mixing of different Jz states are negligible, the monolayer
XAS can be well-fitted by applying a strong out-of-plane
magnetic field with B = 175 T. Such a strong field may
arise from exchange coupling within the Tm monolayer,
as will be discussed in Sect. V B. The application of a
magnetic field leads to the closing of the energy gap be-
tween the Jz = −5 and −6 states with Jz = −5 still being
the lowest state. Thus the spectral weight of the Jz = −6
state increases in the absorption and modifies the XAS
lineshape with respect to the adatom case. This effect is
strongest for the horizontal polarization while the verti-
cally polarized XAS remains essentially the same. The
temperature dependence of this effect is reported further
on.
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FIG. 4: (Color online). XAS and XMCD spectra of Tm
adatoms and monolayers on W(110) measured in a 5 T mag-
netic field applied parallel to the x-ray direction at T = 8 K.
The XMCD spectra are calculated as the difference between
I− and I+.
V. MAGNETIC CHARACTERIZATION
A. Magnetic moments and anisotropy
Figure 4 shows the XAS with circular polarization and
corresponding XMCD spectra of the Tm adatom and
monolayer samples measured at normal (θ=00) and graz-
ing incidence (θ=700). The spectra were taken at 8 K in
a 5 T magnetic field applied parallel to the x-ray beam
direction. The average value of the M5 edge jump inten-
sity was normalized to 1 in order to compare the spectra
measured on different samples. We note also that the Tm
absorption signal is superimposed on the background in-
tensity of the substrate due to the x-ray absorption of W
in this photon energy range.
The sharp multiplet features of the Tm XAS indicate
that the spin and orbital magnetic moments must be
close to those expected for the 4f12 ground state, namely
2 and 5 µB/atom, respectively.
75 This is confirmed by
the very large XMCD asymmetry measured at 8 K and
by the orbital to spin moment ratio estimated from the












where 〈Lz〉, 〈Sz〉, and 〈Tz〉 are the expectation values
of the orbital, spin, and magnetic dipole moments par-
allel to the x-ray direction, and XM4 (XM5) represent
the XMCD intensity integrated over the M4 (M5) en-
ergy edge, respectively. For both the adatom and the
monolayer samples, taking the ratio 〈Tz〉/〈Sz〉 = 0.41
calculated for Tm3+ (Ref. 78), we obtain 〈Lz〉/2〈Sz〉 =
2.5± 0.1.
Figure 4 also shows that the XMCD amplitude is larger
at normal incidence compared to grazing incidence. This
implies that, for equal applied magnetic fields, the Tm
magnetization is larger at normal incidence, i.e., that
both the Tm adatoms and the monolayers have an out-of-
plane easy axis, as expected from the results of the ligand
field multiplet calculations presented in Sect. IV. Mag-
netization loops were measured by recording the peak
XMCD intensity at the M5 edge at different magnetic
fields. Figure 5 shows the field dependence of the XMCD
of the Tm adatom and monolayer samples at normal and
grazing incidence. The larger amplitude of the XMCD
loops at normal incidence agrees with the easy magneti-
zation axis being perpendicular to the substrate for both
the Tm adatoms and the Tm monolayers. The compari-
son between the two curves, however, is not straightfor-
ward. According to the XMCD sum rules, the M5 XMCD
intensity is proportional to 4〈Sθ〉+3〈Lθ〉+12〈Tθ〉, where
we recall that θ is the direction of the x-ray beam. For
a given θ, since S, L, and T are strongly coupled to-
gether, this quantity is proportional to the Tm magneti-
zation. Due to the strong anisotropy of L and T in the
RE, the proportionality factors between the magnetiza-
tion (2〈Sθ〉+〈Lθ〉) and the M5 XMCD intensity measured
at θ = 0◦ and 70◦ can differ significantly, which makes
it difficult, e.g., to estimate the magnetic anisotropy en-
ergy from such curves. Moreover, the RKKY interaction
FIG. 5: (Color online). Field dependence of the Tm XMCD
intensity measured at the M5 edge for the adatom and the
monolayer samples at 8 K.
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among adatoms, which we cannot quantify here, may fur-
ther affect the magnetization behavior.4,79
B. Magnetism of monolayer films
The non-hysteretic shape of the magnetization curves
indicates the absence of either ferromagnetic or ferrimag-
netic ordering in both samples over this range of exper-
imental conditions. Figure 5, moroever, shows that the
normal incidence and grazing incidence XMCD curves
of the Tm monolayer have a less pronounced S-shape
compared to the adatoms, contrary to what would be
expected for a superparamagnetic system. This suggests
the presence of an additional antiferromagnetic coupling
in the Tm monolayer. To further investigate the pos-
sibility of magnetic interactions in the Tm monolayer,
we acquired Tm XMCD spectra while cooling down the
sample in a magnetic field of 5 T and plotted the XMCD
intensity at the M5 edge as a function of temperature in
Fig. 6. The experimental data are compared with sim-
ulations of the Tm magnetization according to a spin
Hamiltonian model taking into account the crystal field
parameters B02 and B
0
4 (Sect. IV) and a Brillouin function
calculated for J = 6 and a magnetic field of 5 T. In either
case we notice a departure of the experimental magneti-
zation from the predicted paramagnetic dependence that
becomes prominent at temperatures below 100 K, which
suggests the setting in of magnetic correlations around
this temperature. Since the experimental magnetization
in this low-temperature range is lower than predicted by
the paramagnetic simulations, we can infer that the Tm-
Tm interactions are antiferromagnetic.
To confirm the tendency to antiferromagnetic correla-
tions of the Tm monolayer we also measured the tem-
perature dependence of x-ray magnetic linear dichroism
(XMLD) spectra. As opposed to XMCD, which probes
unidirectional magnetic ordering, XMLD is sensitive to
uniaxial magnetic ordering, and therefore well-suited
to detect antiferromagnetic coupling.80 Figures 7(a)-(c)
show the M5 edge linearly polarized XAS measured at
three different temperatures. For the spectra labeled Iv
(vertical polarization) the photons are polarized paral-
lel to the sample plane and therefore these spectra are
sensitive to changes in the in-plane magnetic ordering of
the Tm monolayer. For the spectra labeled Ih (horizontal
polarization) the photons have a finite linear polarization
component along the sample normal, and therefore are
sensitive to changes in the out-of-plane magnetic order-
ing of the Tm monolayer. Whereas the v spectra change
little with temperature, there is a notable temperature
dependence of the h spectra. To quantify this tempera-
ture dependence, we plot in Fig. 7(d) the difference be-
tween the first and the second peak in the h spectra (A
and B in Fig. 7(a)) as a function of temperature. The dif-
ference between the two peak values increases with 1/T
at high temperatures and reaches a saturation value at
about 50 K, suggesting that antiferromagnetic correla-
FIG. 6: (Color online). Tm monolayer XMCD as a function of
temperature (dots) compared to the paramagnetic behavior
expected for noninteracting Tm atoms (lines). The experi-
mental data were taken in a 5 T magnetic applied parallel to
the x-ray beam, at θ = 0◦, 55◦, and 70◦. The paramagnetic
curves were calculated using a spin Hamiltonian model and
crystal field parameters obtained from the multiplet simula-
tions (solid line) and by assuming a Brillouin function with
the Tm3+ parameters J = 6 and g = 7/6 (dashed line). The
calculated curves are normalized to the experimental data at
300 K.
tions are well-established at this temperature. The fact
that these changes occur in the h spectra suggests that
the axis of antiferromagnetic ordering is parallel to the
sample normal, in agreement with the easy axis direction
determined from the magnetization curves in Fig. 5. This
conclusion is further supported by the Ih and Iv spectra
simulated by considering non-interacting adatoms and an
(exchange) out-of-plane magnetic field of B = 175 T,
shown in Fig. 4 (c) and (d), which reproduce the temper-
ature dependence of the intensity of the A and B peaks
at high and low temperature, respectively.
It is instructive to compare the magnetic behavior
of Tm monolayers on W(110) with that of bulk Tm.
Neutron diffraction and AC susceptibility studies81 have
shown that bulk Tm undergoes an antiferromagnetic
transition at T = 58 K, followed by a transition to fer-
rimagnetic ordering at T = 33 K. These low magnetic
ordering temperatures are attributed to the strong local-
ization of the 4f electrons, which makes the exchange
interaction with neighbouring atoms small. Interactions
with the neighbours still occur, but indirectly via s and p
electrons, which favors antiferromagnetic ordering.43 Be-
tween 58 and 33 K the bulk Tm moments are aligned
ferromagnetically within the hcp basal planes and have
a sinusoidal modulation along the c-axis, such that the
ordering is antiferromagnetic along the c-axis. As op-
posed to bulk Tm crystals, the Tm monolayers stud-
ied here display antiferromagnetic coupling within the
basal plane. Antiferromagnetic coupling is favoured par-
allel to the substrate normal by the perpendicular mag-
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FIG. 7: (Color online). (a)-(c) Linearly polarized XAS spec-
tra measured on the Tm monolayer at three different tem-
peratures. All spectra were taken with the substrate normal
tilted at θ = 700 with respect to the x-ray beam direction.
A small (5 mT) magnetic field was applied to enhance the
electron yield of the sample without significantly affecting its
magnetic configuration. The first and second peaks in the h-
polarized spectra are labeled A and B respectively; (d) Tem-
perature dependence of the difference between A and B peaks.
netic anisotropy generated through hybridization with
the electronic states of the W(110) substrate.
The presence of antiferromagnetic coupling within the
plane of the Tm monolayer is therefore intriguing. It
also raises a number of questions regarding the magnetic
ground state of this system. Because the Tm lattice is
(nearly) hexagonal, as shown in Sect. III, geometric frus-
tration is expected to play an important role. In fact,
there is no unique ground state for a triangular arrange-
ment of magnetic moments coupled antiferromagnetically
with each other.82,83 Depending on the relative value of
the exchange coupling, magnetic anisotropy, and exter-
nal field several configurations are possible such as, e.g.,
one spin pointing up and two pointing down at an angle
or collinear with each other or a canted spin structure
with a net perpendicular component aligned along the
field direction.84 This may explain why the magnetic re-
sponse of the Tm monolayer is larger when the magnetic
field is applied perpendicular to the substrate compared
to grazing incidence [Fig. 5 (b) and Fig. 6], opposite to
that of an isotropic antiferromagnet for which the field-
induced magnetization is larger in the direction perpen-
dicular to the antiferromagnetic axis. Moreover, owing to
the large degeneracy of the magnetic ground state, frus-
tration in a two-dimensional systems may also lead to
an intrinsically disordered ground state in the absence of
an external field. This is the case for a two-dimensional
triangular antiferromagnet of the Ising type.82 Lattice
distortions and defects that affect the exchange interac-
tion between neighbouring magnetic ions lead to a par-
tial lifting of frustration. However, even in such a case,
frustration will induce a suppression of the ordering tem-
perature below that corresponding to the energy scale of
the exchange interaction, so that a correlated antiferro-
magnetic state persists in the absence of magnetic order.
Our observations of triangular lattice structure, antifer-
romagnetic spin alignment at low temperature, uniax-
ial anisotropy, and lack of magnetic remanence for Tm
monolayer films are consistent with this picture, although
we cannot exclude alternative explanations based on Tm
domains with fully-compensated staggered magnetiza-
tion or noncollinear structures due to the influence of
the Dzyaloshinskii-Moriya interaction at the Tm/W(110)
interface.85,86 Distinguishing between these possibilities
requires the use of spatially-resolved or magnetic scatter-
ing techniques, which go beyond the scope of the present
work.
VI. CONCLUSIONS
We have characterized the growth of Tm adatoms and
monolayers on W(110), showing that isolated atoms are
obtained at low coverage (∼ 2 %) and annealing below
1000 K whereas heteroepitaxial Tm/W(110) monolayers
are obtained at high coverage upon annealing to 1100 K.
The Tm monolayer exhibits a distorted hexagonal struc-
ture, which is compressed along the [11̄0] W direction by
1% and expanded along the [100] W direction by 15%
with respect to the bulk hcp structure of Tm.
We measured linear and circular x-ray magnetic
dichroism to investigate the electronic structure and mag-
netic behavior of Tm atoms and monolayers. We show
that Tm atoms present a 4f12 ground state as isolated
impurities as well as in monolayer films with correspond-
ingly large spin and orbital magnetic moments. The
orbital-to-spin magnetic moment ratio is 2.5, as expected
for a J = 6 ground multiplet with L = 5 and S = 1. By
comparing the experimental XAS with ligand field mul-
tiplet calculations, we find that the Tm ground state has
|Jz| = 5; the lowest excited states correspond to |Jz| = 4
and 6, separated by more than 9 meV from the ground
state. The Tm atoms and monolayers exhibit out-of-
plane magnetic anisotropy and non-hysteretic magneti-
zation curves down to 8 K.
Temperature-dependent measurements of magnetic
linear and circular dichroism further show that the Tm
monolayers develop strong antiferromagnetic correlations
at a temperature of about 50 K. The temperature-
induced changes of the linearly polarized spectra as well
as multiplet simulations including an effective exchange
field show that the antiferromagnetic axis is perpendic-
ular to the substrate, in agreement with the sign of the
uniaxial anisotropy. This behaviour differs from that of
classical AFM systems, which show a maximum of the
magnetization at TN and a larger susceptibility perpen-
8
dicular to the easy axis below TN . Our measurements
do not allow us to conclude whether the system exhibits
long-range staggered antiferromagnetic order or a disor-
dered state with antiferromagnetic correlations. How-
ever, the triangular structure of the Tm lattice suggests
that there may be a significant degree of magnetic frus-
tration in this system.
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